Topological edge-reconstruction occurs in hole-conjugate states of the fractional quantum Hall effect.
Introduction
In the quantum Hall effect (QHE) regime, charge propagation takes place via downstream chiral edge modes while the bulk is insulating. In the integer QHE (IQHE), the number of downstream edge modes is equal to the number of occupied 'spin-split' Landau levels (LLs); each contributes a single edge mode. On the other hand, in the fractional QHE (FQHE) regime, where electron-electron interaction plays a crucial role, the edge profile can be much richer, hosting downstream as well as upstream chiral edge modes [1] [2] [3] .
It was predicted, nearly 30 years ago 4, 5 , that the edge structure of the so-called 'hole-conjugate' states in the FQHE regime (i+½ < ν <i+1, where i an integer and ν the fractional filling factor), should host counter-propagating modes. The most studied is the ν=⅔ state, with a downstream v=1 mode and an upstream v=⅓ mode (Fig. 1a) . In the absence of coupling between these modes, this edge structure should yield a 'two-terminal' conductance of G2T=4e 2 /3h (Fig. 1b) . In practice, however, the measured conductance is always G2T=2e 2 /3h -supporting a single downstream v=⅔ charge mode and an upstream neutral mode. The experimental ubiquity of the latter conductance value becomes even more remarkable if one recalls that the v=⅔ edge profile may involve a more complicated edge reconstruction, as was shown theoretically 6, 7 and experimentally [8] [9] [10] .
A crucial step towards an explanation of an emergent state characterized by G2T=2e 2 /3h was performed by Kane et al. 11, 12 (KFP), who allowed random tunneling between the counter-propagating edge modes (due to disorder) accompanied by inter-mode interaction (Figs. 1c & 1d) . A recent theoretical work 13, 14 (PGM) expanded the KFP analysis and predicted that, for temperature T > 0 and with increasing system length (or, alternatively, with increasing random tunneling strength), the system undergoes a crossover from a clean, non-equilibrated state with two counter-propagating charge modes and G2T=4e 2 /3h, to an equilibrated regime with G2T=2e 2 /3h accompanied by neutral modes.
While the existence of a neutral mode, which can transport energy upstream, had been confirmed by Bid et al. 15 and other works [16] [17] [18] [19] , the full clean-to-equilibrated transition, as predicted by the theory of KFP and PGM, has never been observed. A controlled experimental study of this transition and of the physics involved is missing entirely. Here, we aimed to observe this transition.
Our platform is based on a carefully designed double-quantum-well structure (DQW, in a GaAs based heterostructure), with two populated electronic sub-bands -each tuned separately to the QHE regime (Supplementary Section -S1). By top-gating different areas of the structure, the desired counterpropagating modes can be formed, with a highly controlled inter-mode coupling. We observed the expected full transition of G2T accompanied by (diffusive) neutral modes.
Forming counter-propagating edge modes
We characterize the system by a generalized filling factor v= (vl, vu) , where vl (vu) is the filling factor in the lower subband, SB1 (higher subband, SB2) 20 . With a clever design of the QW, the densities of the two SBs are misplaced from each other in the growth direction (here, a 0.7nm thick AlAs barrier in the center of the QW decreases the coupling strength between the two SBs' wavefunctions). Our device is formed by three horizontal top-gates, separating the 2D plane to three regions: upper, center and lower.
Each gate controls the filling factor in the 2DEG underneath it, as shown in Fig. 2a . 
Length and magnetic field dependence
The fabricated device contained a series of ohmic contacts, placed on the interfaces between the top and bottom regions and the center region, being separated by various distances. Each Source contact was placed midway between two grounded Drains (Fig. 2a) . The two-terminal conductance, G2T, was measured between Source and ground for several Source-Drains separation lengths, using a standard lock-in technique at fridge temperature of 20mK. The evolved conductance with the filling in the center region tuned from v= (1, 0) to v= (4/3,0) , while keeping the upper and lower regions are at v= (1, 1) , is shown in Fig.   3a for B=6.45T. It mimics the transition shown in Fig. 1 . The highlighted region in red corresponds to the center region being at filling (1,0), thus supporting a single downstream integer mode (at the top or bottom interfaces) with the conductance equals e 2 /h -independent of the propagation length. Once the gate voltage of the center region was increased, placing its filling at v= (4/3,0) , an evolution of the two-terminal conductance, from G2T=4e 2 /3h at short distance (6 µm) to G2T=2e 2 /3h at long distance (150µm) was observed (highlighted in blue in Fig. 3a ).
Tuning the inter-mode coupling along the yellow dashed lines in Fig. 2c affected strongly the equilibration length. In Fig. 3b , the length dependence of G2T for several magnetic fields is plotted. While at B=6.45T equilibration sets in around a propagation length of 40μm, at B=5.8T it sets in around 6μm. Fig.   3c shows the conductance for a fixed propagation length of 15μm as a function of the center gate voltage, moving from (1,0) (red region) to (4/3,0) (blue region) for various magnetic fields. In the red region the conductance is quantized at e 2 /h -as in Fig. 3a ; however, in the blue region strong magnetic field dependence is observed. In the high field region the conductance approached G2T=4e These results are consistent with the theoretical prediction 13,14 of a generic (i.e., for any interaction, tunneling, and temperature) crossover in the conductance from 4e 2 /3h to 2e 2 /3h with increasing length; the approach to 2e 2 /3h takes place with exponential accuracy. Further work is needed to accurately study the temperature dependence of the equilibration length, allowing further comparison with theoretical predictions 13 . We also note that the temperature profile along the edge may exhibit interesting structure 14 .
These results indicate that the magnetic field may serve as a powerful tool for controlling the inter-mode equilibration length. We attribute the strong effect of the magnetic field on the equilibration to two main mechanisms: i. Experimentally, it is observed that as both the gate voltage (in the upper region) and the magnetic field lower, a gap emerges (near Bc) -indicating a stronger equilibration between v=1 mode in SB2 and v=⅓ mode in SB1. Note also that lowering the field increases the magnetic length, thus increasing the overlapping of the wavefunctions; ii. As the crossing of the two energy dispersions (of the two edge modes) approaches the Fermi energy, the overlapping of the modes in the lateral direction increases） (additional bias dependent conductance measurements are provided in the Supplementary Section -S3， magnetic field dependent coupling in the lateral direction in the Supplementary Section -S5).
Neutral Mode
According to theory the equilibrated quantum Hall state of v=2/3 consists of a downstream charge mode accompanied by a diffusive neutral mode 13, 21 . The diffusive propagation of heat at v=2/3 was supported by a recent experiment 22 . Does this neutral mode appear in our synthetic realization of the v=2/3 state? The experimental setup needed to detect the neutral mode by noise measurement is sketched in Fig.   4a . One hot-spot located at the back of the Source contact, where the voltage drops from V to 0, releases energy that (some of it) propagates upstream via the so called neutral mode. The injected Source current propagated toward the grounds, while the voltage noise was measured 38µm away from the Source in A1
and in A2 -being indicative of the presence of a heat carrying neutral mode. Measurements were performed in the equilibrated regime; namely, with G2T=2e 2 /3h and thus charge propagating only downstream (towards A2).
The noise was measured at contact A1 for different magnetic field strengths (see Fig. 4b ). The noise increased monotonically with the injected DC current, and tended to saturate at higher current values. As the magnetic field increased (away from Bc), the inter-mode interaction got weaker (see Fig. 3 ), and the measured excess-noise increased (see Fig. 4b ). The observed noise is a manifestation of the upstream diffusive neutral mode being excited by the hot-spot at the back of the Source contact (see Fig. 4a ). With the magnetic field increasing, the equilibration length, needed to fully excite the neutral mode, increases too, thus facilitating a shorter distance for the heat to reach the amplifier at A1. The more heat arrives the vicinity of A1, the stronger is the intrinsic noise due to the stochastic nature of the backscattering between the edge modes, resulting in a stronger noise signal measured at A1 23 . No sizeable excess-noise was detected at A2, which is attributed to the much larger distance between the hot-spot at contact G (on the right) and A2 (being 108μm). As expected, measurements performed when the interface was between (1,1) and (1,0), did not find any upstream excess noise in A1 (Supplementary Section -S4).
Summary
We successfully fabricated an interface between two counter-propagating chiral modes of filling v=1 and v=1/3, and controlled their interaction by varying the magnetic field and the electron density. We observed a transition between a two-terminal conductance of G2T=4e 2 /3h -when inter-mode interaction was suppressed, and G2T=2e 2 /3h -when the interaction was strong. We also observed the emergence of an upstream diffusive neutral mode when the conductance approached G2T=2e 2 /3h -as always observed in the emergent (equilibrated) v=2/3 state. These man-made synthetized modes introduce a new method to study a variety of non-equilibrated FQHE states as well as the transition between their non-equilibrated and equilibrated states.
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Methods
An etch-defined Hall-bar with Ni/Ge/Au ohmic contacts was fabricated using E-beam lithography. This was followed by an atomic layer deposition of HfO2 followed by an E-gun evaporation of 5/20nm Ti/Au top gates. The top gates, each defined a part of the 2D plane, were separated by a gap of 80nm. Finally, the HfO2 is etched in small regions for the ohmic contacts, which were connected to the bonding pads by 5/120
nm Ti/Au leads.
The data that support the plots within this paper and other findings of this study are available from the corresponding author upon reasonable request. 
